The relation between anxiety and cortical ac tivity was compared in two samples of normal volun teers. One group was studied with the noninvasive xenon-133 inhalation technique for measuring cerebral blood flow (CBF) and the other with positron emission tomography (PET) using lsFlurodeoxyglucose (1sFDG) for measuring cerebral metabolic rates (CMR) for glu cose. The inhalation technique produced less anxiety than the PET procedure, and for low anxiety subjects, there was a linear increase in CBF with anxiety. For higher anxiety subjects, however, there was a linear deWe observed that normal volunteers participating in studies of cerebral blood flow (CBP) and metab olism (CMR) manifest anxiety. The effects of anx iety on these measures are not obvious . Greater anxiety is associated with autonomic arousal (see Beck, 1978) , but its relation to cortical arousal re mains to be determined. There is evidence for an inverted-U relationship between anxiety and per formance (Yerkes and Dodson, 1908; Courts, 1939; Hebb, 1955; Malmo, 1959; Eysenck, 1985) with better performance associated with intermediate anxiety. In a preliminary study examining the rela tionship between anxiety and CMR for glucose, we found a curvilinear relation between state anxiety and CMR in a sample of 18 normal volunteers (Gur et aI., 1981; Reivich et aI., 1983). In a subsequent study measuring CBP with the xenon-133 inhala- tion technique (Gur et ai., 1987), we found an in verted-U relationship between anxiety and perfor mance, as well as between anxiety and CBP, mea sured during cognitive activity.
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The purpose of the present study was to examine the effects of anxiety on cortical CBP and CMR. The xenon-133 inhalation method is noninvasive, whereas the PET 18PDG technique for measuring CMR (as applied in our PET center) requires both arterial and venous catheterization. Thus, CBP measures are taken during a situation probably in voking less anxiety. This permits comparison of the effects of anxiety on cortical activity in higher and lower anxiety-provoking conditions. The hy pothesis of an underlying curvilinear, inverted-U relationship between anxiety and cortical activity stipulates a positive linear relationship between anxiety and cortical activity for low anxiety states and a negative linear relationship for high anxiety states. This would lead to the expectation that the CBP measurement condition will more likely reveal both components of this relationship, whereas the higher anxiety associated with CMR measurement conditions may diminish the positive linear compo nent.
MATERIALS AND METHODS

Subjects
Subjects (n = 28) were right-handed men recruited from our pool of normal volunteers. They were evaluated for any medical, neurological, or psychiatric disorder (DSM-III criteria). Only those who were free of any dis ease, were taking no medications, and had no history of psychiatric disease in first-degree relatives were in cluded. Their age ranged from 18 to 39 years (mean ± SD, 23.90 ± 4.75) and education ranged from 12 to 20 (15.40 ± 2.50) years.
Procedures
Of the 28 subjects, 14 participated in a CBF study with the xenon-l33 inhalation technique (Gur et aI., 1986 ) and 14 participated in a PET study using the 18FDG technique for measuring CMR for glucose. The State-Tr ait Anxiety Inventory (STAI) (Spielberger et aI., 1970) was adminis tered at the beginning and completion of each study. For the CBF study, the pre-STAI was administered before placement of the mouthpiece used for xenon inhalation, and for the PET study, it was administered immediately prior to catheter insertion. The STAI yields comparable measures of general anxiety (anxiety as a trait) and situa tion-specific anxiety (state anxiety). The measures are identically scaled, each containing 20 items scored from 1 to 4 (scores thus potentially ranging from 20 to 80), en abling direct comparison. The purpose and procedures were explained to the subjects in detail, and informed consent was obtained.
CBP study. CBF was determined by the xenon-l33 in halation technique (Obrist et aI., 1975) . Tr ace amounts of 133Xe in air were inhaled through a mouthpiece for 60 s. Isotope clearance from brain was monitored for 14 min by 32 collimated N aI crystal detectors placed over the scalp, 16 over each hemisphere. Measures were taken during rest and during the performance of an analogies task (Gur et aI., 1982) . SUbjects' eyes were open and their ears were unoccluded, with ambient noise kept to a min imum. The effects of cognitive activation for a sample containing the present 14 men as well as 12 women are reported elsewhere (Gur et aI., 1986) . The activation pro duced greater left hemispheric CBF increase, and perfor mance showed the expected relation to anxiety, with better performance for subjects with intermediate com pared to either high or low anxiety. For the purpose of the present analysis, one global measure of CBF across con ditions was used, as the results with respect to anxiety were consistent across conditions. Obrist's is (initial slope), which primarily reflects flow in the fast-clearing, gray matter compartment (Obrist and Wilkinson, 1984) , was the dependent measure for CBF.
PET study. PET scanning was performed using the 18FDG procedure (Reivich et aI., 1979) . Catheters were 1978) to measure the distribution of 18F activity. The head was positioned -200 to -150 to the canthomeatal line, using a laser alignment system. Two sets of scans were obtained along the canthomeatal axis, with each set yielding seven cross-sectional images of brain along the rostrocaudal axis. The slice thickness and interslice in terval for each set was 17.5 mm, and the head was moved 8.7 mm between scans. In-plane image resolution of the PET-V is 16.5 mm full width half-maximum. Local cere bral metabolic rate for glucose (lCMRgl) was calculated using the operational equation derived by Sokoloff et al. (1977) and modified by Huang et aI., (1980) . Values used for the lumped constant and rate constants were those reported by Reivich et a!. (1985) . The dependent measure for the present analysis was CMR for glucose in the cere bral cortex at CM levels -2 to 7.
RESULTS
The effects of the experimental condition on the state and trait anxiety measures are presented in Fig. 1 . They were tested statistically with a 2 (Con ditions) x 2 (State, Tr ait) x 2 (Pre, Post) ANOVA, with Conditions serving as a between-group factor and State-Tr ait and Pre-Post as within-group (re peated measures) factors. Significant interactions were decomposed using univariate contrasts (Da vidson and To porek, 1983 ). There were significant main effects for Conditon (F(l.26) = 6.28, P < 0.025), with subjects undergoing PET having higher anx iety (34.09 ± 8.49) than subjects undergoing the 133Xe CBF study (29.32 ± 4.45), and for Pre (33.34 ± 7.98) being higher than Post (30.07 ± 5.86) anx iety (F(l,26) = 21.77, P < 0.001). There was a signifi cant Condition x Pre-Post interaction, F(l,26) = 8.60, p < 0.01. Decomposition of this interaction indicated that it was produced by higher Pre anx iety for the PET subjects. There was a State-Trait x Pre-Post interaction (F(l,26) = 8.92, P < 0.01), and its decomposition showed that the reduction in anxiety from Pre to Post measures was pronounced for the State (F(l,26) = 18.75, P < 0.001) and not TRAIT mTE Tr ait (F( 1 ,26) = 2.00, NS). The three-way interaction (Condition X State-Trait x Pre-Post) was signifi cant (F( 1 ,26) = 5.42, P < 0.05). Decomposition of this interaction indicated that it was produced by the higher Pre/State anxiety scores of the PET sub jects. These results attest to the sensitivity of the anxiety measures to the experimental condition. For correlation with CBF (mean ± SD, 63.12 ± 2.91) and CMR (3.74 ± 0.70 mgllOO g/min), a global anxiety score was calculated as the average of the Pre and Post measures across State and Trait (31.59 ± 4.71). This score was selected to reflect the average amount of experienced anxiety, "tonic" and "phasic" combined, during the measurement epoch. The CBF and anxiety scores were trans formed to their standard equivalents using z-trans formations: (Score -Mean)/SD. This was done to permit comparability across these measures, which vary in origin and range. The scatterplot of the re lationship between CBF and anxiety is shown in Fig. 2A and that between CMR and anxiety is shown in Fig. 2B . As expected in curvilinear rela tionships, the zero-order product-moment correla tion between CBF and anxiety was nonsignificant: r(12) = -0.19, NS. By contrast, the correlation be tween CMR and anxiety was negative: r(12) = -0.51, p < 0.05, two-tailed.
The hypothesis that anxiety has a curvilinear in verted-U relationship with cortical activity was tested by grouping subjects, within each Condition, into low (n = 4), medium (n = 4), and high (n = 6) anxiety, using breaks in the distribution of anxiety scores. Correlations and confidence intervals (using the non-null SDs) were then calculated for the low-medium and medium-high groups in each condition. For CBF, these were r(6) = 0.55 ± 0.26 for low-medium group and r(8) = -0.52 ± 0.24 for the medium-high anxiety subjects. An approxi mate two-sample z-test comparing the two correla tions yields z = 3.06, p < 0.01. The corresponding correlations for CMR are r(6) = -0.07 ± 0.44 (low-medium) and r(8) = -0.51 ± 0.38, z = 1.01, NS. Thus, as hypothesized, for the 1 33Xe subjects, there was a positive correlation for lower anxiety ranges and a negative correlation for the higher anxiety ranges, revealing both components of the inverted-U function. By contrast, the PET condi tion revealed only the negative component hypoth esized for the higher anxiety ranges.
To evaluate the relationship between anxiety and cortical activity across the range of anxiety scores and within each condition, we used the statistical technique of regression by local smoothing (Hastie and Tibshirani, 1984; Tibshirani, 1984; O'Sullivan, et aI., 1986) . With anxiety on the abscissa, we set a window of total width 7 points centered about each abscissa value, except for constraints imposed by end-effects. Within each such window, we fit a simple linear regression and used the regression line to estimate an ordinate for the central abscissa value. These are connected by straight lines to pro vide a relatively model-free estimate of the regres sion function. Adaptations of this method display goodness of fit and a visual test of homoscedasti city, and these were consistently satisfactory for the present data (i.e., no large standardized re siduals and constant residual variance). We used a robust local estimate of the slope to assess the cur vilinearity of the regression line. Derivatives that are themselves linear with negative slopes imply the inverted U-shape for the regression line; similar diagnostic criteria are available for other regression line shapes (e.g., noninverted-U or linear). When we characterize the shape of the regression curve, it is by use of the diagnostic derivative plot. These are available upon request.
As can be seen in Fig. 2 , there was an inverted-U relationship between CBF and anxiety, whereas for CMR, there was no relationship for the relatively lower anxiety and a negative linear decline for high anxiety.
To explore further the relationships between state anxiety and cortical activity, we performed regressions by local smoothing for the State/Pre and State/Post data separately. These are shown in Fig. 3 . The relationship between State/Pre and CBF is characterized as negative linear, whereas the re lationship between State/Post and CBF is curvi linear. For CMR, both relationships are negative linear. These results suggest that the higher State/ Pre of the PET subjects' levels produced the nega tive linear relation between anxiety and CMR, re vealing the negative linear component of the postu lated inverted-U relationship between anxiety and cortical activity. The positive linear component emerges only for the CBF subjects and only in rela tion to Post anxiety. There were no characterizable relations between Tr ait anxiety and either CBF or CMR.
DISCUSSION
The results suggest effects of anxiety on cortical metabolism and blood flow and hence on cortical activity. The effects are not linear, but show a posi tive relation for low anxiety and a negative relation for higher anxiety. This inverted-U relationship betwen anxiety and physiological measures of cor tical activity corresponds with our earlier finding with PETT -III (Gur et aI., 1981; Reivich et aI., 1983) . It has implications for the study of cerebral metabolism and blood flow, as well as for theories concerning the neural basis of behavior.
There is an increasing number of techniques for measuring electric and physiological indicators of cortical activity, and the results often vary. Our data suggest that when examining such discrepan cies, it would seem prudent, in addition to com paring techniques on issues such as models for data quantitation, to assess the role of anxiety. The anal ysis comparing anxiety during the CBF measure-
2. 000 i . However, to demonstrate the role of anxiety more directly, such studies will need to incorporate pharmacological or behavioral manipulation of anx iety levels. For the study of the neural basis of behavior, the results offer a mechanism for the operation of one of the first "laws" of behavior, known as the Yerkes-Dodson law (1908) . This law postulates an "inverted-U" relationship between anxiety and performance. When anxiety is low, increased anx iety is associated with better performance, presum ably because it enhances motivation, arousal, and vigilance. At high anxiety, however, the effects on performance are negative. The law was demon strated in animal and human studies (Courts, 1939; Belanger and Feldman, 1962; Mathieu, 1973; Ey senck, 1985) , but there has been no physiological investigation of what could underlie the deteriora tion in performance with high anxiety. The results raise the possibility that the deterioration in perfor mance observed in high anxiety is a concomitant of reduced cortical activity. Indeed, performance of the present CBF group deteriorated with high anx iety in a manner parallel with CBF reduction (Gur et aI., 1987) .
The present study was limited to cortical values for the whole brain. Anxiety may have more spe cific regional effects on cortical activity and a dif ferential effect on cortical relative to subcortical re gions. These regional effects need investigation with larger samples. Another limitation of the study is the sole reliance on a self-report measure of anx iety. This should be supplemented with observers' ratings and with autonomic measures of arousal. Our sample was restricted to normals without clin ical manifestations of anxiety. Studies with a larger range of variability could help to further refine our understanding of the relationship between anxiety and cerebral activity. Finally, the role of brain ac tivity in the regulation of anxiety and its effects on performance could be better clarified when physio logical measures are obtained during within-subject experimental manipulations of anxiety.
